ABSTRACT: Metazoan photochemistry involves cis−trans isomerization of a retinylidene chromophore bound to G protein coupled receptors. Successful production of chromophores is critical for photoreceptor function and survival. For chromophore production, animals have to choose from more than 600 naturally occurring carotenoids and process them by oxidative cleavage and geometric isomerization of double bonds. Vertebrates employ three carotenoid cleavage oxygenases to tailor the carotenoid precursor in the synthesis of 11-cis-retinal (vitamin A 1 ). Lepidoptera (butterfly and moth) possess only one such enzyme, NinaB, which faces the challenge to catalyze these reactions in unison to produce 11-cis-3-hydroxy-retinal (vitamin A 3 ). We here showed that key to this multitasking is a bipartite substrate recognition site that conveys regio-and stereoselectivity for double bond processing. One side performed the specific C11, C12 cis-isomerization and preferentially binds 3-OH-β-ionone rings sites. The other side maintained a trans configuration in the resulting product and preferentially binds noncanonical ionone ring sites. Concurrent binding of carotenoids containing two cyclohexyl rings to both domains is required for specific oxidative cleavage at position C15, C15′ of the substrate. The unique reaction sequence follows a dioxygenase mechanism with a carbocation/radical intermediate. This ingenious quality control system guarantees 11-cis-3-hydroxy-retinal production, the essential retinoid for insect (vitamin A 3 ) vision. P hotoreception is an elegant example of nature's engineering exploits to evolve complex biological systems from a limited number of genes. Though eyes have evolved several times during evolution, arthropods and vertebrates share common transcription factors for early development. Moreover, the photochemistry of all metazoan eyes employs visual Gprotein coupled receptors (opsins) and cis−trans isomerization of the Schiff base bound retinylidene chromophore. Four different chromophores have been discovered in animals. Vertebrates use retinal (vitamin A1) and 3-dehydroretinal (vitamin A2). Arthropods use retinal and 3-hydroxy-retinal (vitamin A3), and in some crustaceans 4-hydroxy-retinal (vitamin A4) is found.
P
hotoreception is an elegant example of nature's engineering exploits to evolve complex biological systems from a limited number of genes. Though eyes have evolved several times during evolution, arthropods and vertebrates share common transcription factors for early development. Moreover, the photochemistry of all metazoan eyes employs visual Gprotein coupled receptors (opsins) and cis−trans isomerization of the Schiff base bound retinylidene chromophore. Four different chromophores have been discovered in animals. Vertebrates use retinal (vitamin A1) and 3-dehydroretinal (vitamin A2). Arthropods use retinal and 3-hydroxy-retinal (vitamin A3), and in some crustaceans 4-hydroxy-retinal (vitamin A4) is found. 1 Successful production of chromophores is critical for photoreceptor function and survival. Binding of chromophores to opsin promotes visual pigment maturation and determines their spectral sensitivity. 2 For instance, 3-dehydoretinal absorbs at longer wavelengths than retinal, and so do the respective visual pigments. 3 On the contrary, binding of 3-hydroxy-retinal to opsin shifts the spectral sensitivity of the visual pigments to shorter wavelengths when compared to the same molecule with bound retinal. 4 Thus, the overwhelming majority of species use a single chromophore to avoid ambiguity in spectral sensitivity of different types of photoreceptors.
More than 600 naturally occurring carotenoids have been identified in nature, and therefore mechanisms must have evolved, in animals, to differentiate between them for chromophore synthesis. Individual carotenoids differ in the length of their polyene chromophore, shifts of their conjugated double bonds, their terminal ring sites, and their functional groups. The enormous diversity of these pigments poses a challenge to vitamin A biology. Enzymes involved in chromophore production must display stereo-and regioselectivity for ring sites and specific double bonds of their carotenoid precursors. Production of noncanonical byproducts may impair visual pigment maturation, shift their spectral sensitivities, and eventually lead to photoreceptor cell death and blindness.
Key to chromophore synthesis is a class of structurally related carotenoid cleavage oxygenases (CCOs). These enzymes share a characteristic fold with a unique iron-coordination system. Hydrophobic tunnels and hydrophobic patches at the tunnel entrance of these structures are critical for the interaction with their lipophilic substrates. Vertebrates employ three different family members in chromophore production. β,β-Carotene-15,15′-dioxygenase (BCO1) cleaves carotenoids with at least one β-ionone ring (provitamin A) symmetrically to produce alltrans-retinal. 5−8 The primary cleavage product is reduced and ultimately converted to all-trans-retinyl esters by lecithin: retinol acyltransferase. 7, 9, 10 Then, isomerization of all-transretinyl esters into 11-cis-retinol is carried out by the other CCO family member, the retinal pigment epithelium-specific 65 kDa protein (RPE65). 11−13 Loss-of-function mutations in RPE65 cause devastating blinding diseases such as Leber congenital amaurosis and retinitis pigmentosa. 14, 15 A third vertebrate CCO, carotenoid-9′,10′-dioxygenase (BCO2), localizes to the mitochondria where it cleaves carotenoids asymmetrically at the C9/C10 double bond. 16 Mounting evidence suggests that BCO2 tailors asymmetric provitamin A carotenoids by removing the noncanonical ring site and, in doing so, controls the homeostasis of nonprovitamin A carotenoids. 17−20 Insect genomes encode a single CCO family member encoded by the gene, neither inactivation nor af ter potential B (ninaB).
2,21−23 Similar to RPE65 in humans, mutations in the NinaB gene in Drosophila render these insects blind. 24 Using NinaB from the great wax moth (Galleria mellonella), we previously showed that the reaction is carried out in a single step, wherein a carotenoid substrate is converted into virtually equimolar amounts of 11-cis and all-trans retinoid isomers. 23 Here, we characterized the biochemical foundation of substrate specificity, regio-selectivity of oxidative cleavage and geometric isomerization, as well as catalytic mechanism. NinaB was found to contain two domains within its structure. One domain performs the specific C11/C12 cis-isomerization and preferentially binds 3-OH-β-ionone ring sites. The other domain maintains an all-trans configuration in the resulting retinoid product. Concurrent binding of carotenoids containing two cyclohexyl rings to both domains is required for specific isomerization and oxidative cleavage. The unique reaction sequence follows a dioxygenase mechanism with a carbocation/ radical intermediate to produce the 11-cis-3-hydroxy-retinal, the unique chromophore of insects.
■ RESULTS
NinaB Polypeptide Catalyzes Oxidative Cleavage and Geometric Isomerization. Expression of active, recombinant NinaB (Galleria mellonella) containing an N-terminal His-tag was achieved with the baculovirus expression system and Sf 9 insect cells. Talon Co 2+ purification yielded apparently pure enzymes ( Figure 1A ). Enzyme assay testing of the isomerooxygenase activity of the recombinant purified enzyme with β-carotene showed enzymatic activity ( Figure 2B and Figure 1B , blue traces). Notably, β-carotene conversion by NinaB yielded 11-cis-retinal and all-trans-retinal in nearly equal amounts. Other retinal stereoisomers were largely absent. Thus, we concluded that the NinaB polypeptide can catalyze oxidative cleavage at C15/C15′ and geometric isomerization of the C11/ C12 double bonds in the absence of any added cofactor.
NinaB's Bipartite Substrate Recognition Site. We previously detected 3-hydroxy-β,β-carotene (β-cryptoxanthin), 3,3′-dihydroxy-β, β-carotene (zeaxanthin), and 3,3′-dihydroxy-β,ε-carotene (lutein) as major carotenoids of the wax moth. 23 Additionally, we showed that NinaB preferentially isomerizes the 3-hydroxy-β-ionone ring site of these carotenoid precursors to produce 11-cis-3-hydroxy-retinal, the unique chromophore of insects. To clarify the biochemical foundation of this action we employed various synthetic and natural carotenoids in tests with NinaB protein extracts. First, we carried out enzymatic assays with the asymmetrically, engineered substrate, all-trans-3′-dehydrolutein ( Figure 2 and Figure 3A and B). Incubation for 20 s produced only two of four possible products, all-trans-3′-dehydro-ε-retinal and 11-cis-3-hydroxy-retinal (b and e respectively, Figure 2C ). Longer incubations of 2 to 15 min did produce the alternative products, i.e. 11-cis-3′-dehydro-ε-retinal and all-trans-3-hydroxy-retinal in approximately equimolar amounts (a and d respectively, Figure 2 ), but a consistent preferred production of all-trans-3′-dehydro-ε-retinal and 11-cis-3-hydroxy-retinal was observed. With this asymmetrical carotenoid, we demonstrated NinaB's catalytic preference for isomerization on 3-OH-β-ionone ring sides as opposed to 3′-dehydro-ε-ring sides.
We next tested NinaB's activity on apocarotenoids with one β-ionone ring site. NinaB cell lysate enzymatic assays with 3-hydroxy-β-apo-8′-carotenal ( Figure 3C ) and β-apo-8′-carotenal did not produce detectable products under two trialed methodologies. Inhibition studies were also carried out, but apocarotenoids were unable to inhibit β-carotene cleavage by NinaB. This indicates that the binding affinities of these apocarotenoids are magnitudes lower than those of carotenoids with two cyclohexyl rings. In contrast, vertebrate BCO1 and BCO2 readily catalyzed conversion of respective apocarotenoids, thus excluding that the enzyme had no access to the substrates under the applied test conditions. 17, 20 To further analyze the role of ionone ring sites for proper carotenoid processing by NinaB, we subjected the acyclic all-trans-lycopene to NinaB enzymatic activity assays. We then subjected lipids extracted in the presence of hydroxylamine to UV/vis-LC and LC-MS analysis. This analysis revealed the production of apo-12′-lycopenal and apo-12′-lycopenal oxime, (Figure 3D-F) with We also assessed the contribution of the methyl groups in the carbon backbone of the carotenoid substrate using 20, 20′-dinor-β-carotene for enzymatic assays ( Figure 5 ). HPLC analyses revealed the production of 11-cis-20-nor-retinal and all-trans-20-nor-retinal. The dual lack of methyl groups at carbons 20 and 20′ did not affect NinaB's enzymatic activity, further suggesting that the cyclohexyl rings contain the major points for substrate recognition. Together, these analyses revealed that a minimal molecular diameter of the substrate is required for enzymatic processing by NinaB. The finding that all-trans-lycopene is cleaved asymmetrically at C11, C12 led us to infer that cyclohexyl rings orient the substrate to determine regio-selectivity of oxidative cleavage at the C15, C15′ double bond. Finally, we observed that the 3-OH-β-ionone ring side is preferentially, geometrically isomerized at C11, C12 in an asymmetric bicyclic carotenoid substrate and that the C20 methyl group in the polyene backbone plays a minor role in substrate enzyme interaction.
NinaB Displays a Hydrophobic Substrate Binding Cleft. Recently, native bovine RPE65 has been crystallized in complex with the retinoid-mimetic drug ACU-4429 (emixustat). 25 This study revealed that the active site, retinoid-binding cavity is located near the membrane-interacting surface as well as a Fe-bound palmitate ligand positioned in an adjacent pocket. The architecture of the arrangement of the enzyme/ substrate complex (Michaelis complex) of a canonical double bond-cleaving CCO has not yet been solved. From analysis with various symmetric and asymmetric substrates, we infer that NinaB possesses a similar bipartite substrate binding. To provide evidence that NinaB adopts such a fold we generated a 3D homology structures, using the crystal structures of RPE65 (PDB 4F2Z) and ACO (PDB 2BIW) as templates ( Figure 6A ). This model predicted a basic structural fold consisting of a rigid seven-bladed β-propeller similar to other CCOs. A structural space in the active site domain near the four, absolutely conserved histidines, ligated to the iron cofactor was present. Also present was the presumed dual purposed, substrate entry and product exit membrane tunnel solved in RPE65; however the ACO-based NinaB model, predicts a secondary opening that is connected to the substrate binding site and the membrane tunnel ( Figure 6A , blue mesh).
Previously, it was reported that specific residues of RPE65 stabilize the carbocation intermediate and facilitate the production of different cis-isomers, specifically 11-and 13-cis. 26 Some of these residues were conserved in the NinaB substrate tunnel (Figure 6 ). Mutating two of these conserved residues, F106L and T151S in NinaB, diminished the enzymatic activity as measured by the production of 11-cisretinal to 40 and 50% of control levels, respectively ( Figure  6B ). Mutation of F309 and Y330, two aromatic residues present within the predicted binding cleft of NinaB into leucine, abolished the enzyme's activity entirely ( Figure 6B ). Thus, molecular modeling and mutagenesis studies provided evidence that a bipartite substrate tunnel is well conserved in NinaB and that aromatic amino acid residues play an important role in the substrate enzyme interaction.
Utilization of Dioxygen by NinaB. Recent studies proposed a reaction mechanism for retinoid isomerization by 
RPE65
. 25−27 In this sequence, Fe (II) catalyzes an alkyl bond cleavage followed by a trans-cis isomerization of the generated carbocation. Finally, the carbocation is quenched by the solvent water. This indicates a pronounced difference between the reaction catalyzed by RPE65 and canonical double bond cleaving CCOs. In fact we showed that canonical CCOs are dioxygenases whereas RPE65 catalyzes retinoid isomerization oxygen-independently. 28 NinaB combines oxidative cleavage and geometric isomerization and is an intriguing hybrid type enzyme. To clarify how this isomerooxygenase reaction proceeds, we conducted heavy isotope labeling experiments with both H 2 18 O and 18 O in combination with 16 O and H 2 16 O, respectively. Heavy isotope incorporation into the all-trans-3- O into all-trans-3-hydroxyretinal was recorded whereas only 4% was observed for our standard 8 min testing condition ( Figure 7A ). This indicated that the 18 O incorporated into all-trans-3-hydroxyretinal is due to enzyme-independent oxygen exchange of the aldehyde with heavy water as opposed to enzymatic incorporation.
Monooxygenase-type mechanisms require 50:50 incorporation of molecular oxygen and oxygen from bulk water into the product. These results clearly indicated that the oxidative cleavage does not follow a monooxygenase mechanism; therefore we proceeded to test if the catalysis is performed via a dioxygenase mechanism. Mass spectral analysis of the cleavage reaction performed for 8 min under an 18 O atmosphere showed an equal ratio of 18 O incorporation into both products. The percent of incorporation, as determined by the ratio of the integrals of the extracted ion chromatograms of 18 O-isotopologue to total isotopologues, was 58.4% for 11-cis-3-hydroxyretinal and 58.3% for all-trans-3-hydroxyretinal ( Figure  7D ). Theoretically, incorporation of molecular 18 O should reach 100%, but incomplete labeling can be attributed to partial degassing of the reaction buffer. Together, these experiments provided evidence that oxidative cleavage at C15, C15′ follows a dioxygenase reaction mechanism as has been shown for other CCOs.
5,29
Redmond and co-workers have provided evidence that the isomerization reaction catalyzed by RPE65 involves a radical cation intermediate stabilized around the 11, 12-carbon double bond by specific residues. 26, 27 These residues are conserved in NinaB (F106 and T151) and, as shown above, play a role in enzyme catalysis ( Figure 6 ). To investigate the possibility that isomerization at C11, C12 may also occur via a radical intermediate, the NinaB reaction was probed in the presence of Figure 6 . NinaB structural model highlighting, in orange, residues within the substrate binding tunnel (blue mesh). (A) Effects sitedirected mutagenesis on residues shown in (B) on NinaB catalytic activity as measured by the percent production of 11-cis-retinoids when compared to wild-type NinaB. Values given are the mean ± SD (error bars) of three independent measurements, ND, not detectable. aromatic spin traps (Figure 8 ). All spin traps tested inhibited NinaB's activity but to varying degrees. The most potent inhibitor was N-tertiary-butyl nitrone (PBN) followed by 2, 2-dimethyl-1-oxido-4-phenylimidazol-1-ium (DMPIO) and least potent was nitrosobenzene (NOB) (Figure 8 ). At equimolar levels of substrate, in this instance 20 μM of β-carotene, PBN reduced the enzyme's activity by 30% whereas at 100 μM, the activity was reduced by 60%. Enzyme activity was measured as the production of all-trans and 11-cis-retinal. Thus, heavy isotope labeling provided evidence that NinaB is a dioxygenase and inhibition by spin traps suggests that the reaction proceeds via a radical intermediate.
■ DISCUSSION
Our previous studies in Drosophila revealed that chromophore production takes place in the eyes since an eyeless mutant accumulates carotenoids but completely lacks retinoids. 24 Additionally, carotenoids are mandatory for this process and its conversion to chromophore occurs light-independently and requires no additional enzyme. 2, 30, 31 Drosophila similar to the moth Galleria, contain symmetric and asymmetric carotenoids, namely zeaxanthin, cryptoxanthin, and lutein. Previously, we showed that all these carotenoids are substrates for NinaB. 23 Thus, without a directed interaction of NinaB with these substrates noncanonical retinoids would be synthesized. However, only vitamin A 3 is found in the eyes of these insects. 32 We have evidence to propose that NinaB contains a bipartite substrate recognition site that provides this specificity. One side is responsible for geometric isomerization across the 11, 12-carbon double bond and the other for the maintenance of all-trans geometry of the noncanonical ring site. Analyses with asymmetric substrates revealed that one site displays a greater affinity for 3-OH-β-ionone rings across which isomerization preferentially takes place. Proper binding of carotenoids with two cyclohexyl rings, symmetrical or asymmetrical, into both recognition sites provides the necessary alignment for oxidative cleavage across the 15, 15′-carbon double bond. When presented with lycopene, an acyclic carotenoid, cleavage occurs asymmetrically across the 11, 12-double bond. Also, we found that NinaB cannot oxidatively cleave apocarotenoids, further establishing the enzyme's need for two rings to produce chromophore. Thus, we conclude that the asymmetry of NinaB's bipartite substrate binding and catalytic domains ensure production of chromophore with a correct geometry as it is required for maturation of insect visual pigments. 33 In vertebrates, this task is distributed among three distinct CCO family members: BCO1 cleaves at C15, C15′, BCO2 removes noncanonical ring sites to ensure quality control of vitamin A 1 production, and RPE65 isomerizes the C11, C12 double bond. 34 In some species, an eye-specific cytochrome P450 family member, Cyp27c1, mediates the conversion of vitamin A 1 to vitamin A 2 . 35 In contrast to NinaB, all three vertebrate CCOs readily convert apocarotenoids with only one cyclohexyl-ring site. We speculate that this property of the vertebrate enzymes evolved to enable continuous reisomerization of the chromophore after bleaching through the visual cycle.
ACS Chemical Biology
Aside from proper ring site selection, utilization of one CCO in insects instead of three in vertebrates poses an additional challenge to chromophore production. NinaB must catalyze the oxidative cleavage and geometric isomerization reactions in unison. Our present study, together with previous biochemical, structural and computational analyses allow us to propose a mechanism for this isomerooxygenase reaction. 26, 27, 29, 36, 37 The sequence comprises an initial geometric isomerization at C11, C12 followed by oxidative cleavage at C15, C15′ (Figure 9) . A natural substrate such as β-cryptoxanthin would be acquired from membranes and discriminately oriented across the structurally defined tunnel with the 3-hydroxy-β-ionone ring site aligned into the isomerization domain. As with other nonheme iron oxygen-activating enzymes, the 2 + oxidation state of iron allows binding of molecular O 2 and subsequent activation by a single electron transfer to produce a superoxide anion. 38 At this stage, the inherent nature of carotenoids as antioxidants causes the C15, C15′ double bond to attack the superoxide and quench the free radical. 37, 39 This forms a C15− O bond and a stable radical across the extensive π-electron backbone that allows the formation of a cis-configuration, a process that has precedence in nonheme iron dioxygenases. 40 Rotation of the C11−C12 bond from a trans to cisconfiguration occurs due to the radical being partially stabilized across C11 from complementary interactions with F106 and T151, as evidenced by structural data from RPE65 and site directed mutagenesis of NinaB (Figure 6 ). 25 The occurrence of this intermediate is further corroborated by inhibition of NinaB by spin traps (Figure 8) . Then, an electron transfer reconstitutes iron(II) in the active center and produces a stabilized carbocation on substrate C15, priming an attack by oxygen to form a dioxetane intermediate. Quantum chemical analyses of ACO's reaction mechanism, favors a dioxetane over an epoxide intermediate, despite the proposal that both lead to a dioxygenase labeling pattern. 37 Accordingly, the heavy isotope labeling data provided here clearly show that NinaB is a dioxygenase. The final step in this reaction constitutes dioxetane rearrangement which effectively produces 3-OH-11-cis and all-trans-retinal. In the insect eyes, the chromophore then readily binds to the opsin moiety to establish visual pigments.
■ CONCLUSION
Vision begins in photoreceptors, where light is absorbed and signaled to the nervous system. Throughout the animal kingdom, this process depends on a protein bound chromophore. This C20 retinoid metabolically derives from a C40 carotenoid precursor that is processed by successive oxidative cleavage and geometric isomerization reactions of double bonds. Vertebrates devote three structurally related enzymes to this task. Insects possess only one such enzyme that faces the challenge to catalyze these reactions in unison. We here show that this multitasking is achieved by a bipartite substrate binding site of NinaB that conveys regio-and stereoselectivity for double bond processing of many naturally occurring carotenoids. The unique reaction sequence follows a dioxygenase mechanism with a carbocation/radical intermediate. Our study provides the biochemical basis of 11-cis-3-hydroxy-retinal production, the essential chromophore for insect (vitamin A 3 ) vision.
■ METHODS Synthesis of Compounds. All-trans-3′-dehydrolutein, 3-hydroxy-β-apo-8′-carotenal and 20, 20-di-nor-β-carotene were generous gifts from DSM Nutritional Products and were synthesized respectively according to.
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Expression of NinaB and Cell Lysis. NinaB (Galleria mellonella) was expressed in one of two ways. First, 800 mL of Sf9 cells at a concentration of 1.6 × 10 6 cells/mL were infected with NinaB baculovirus and incubated at 28°C while shaking at 100 rpm for 2 days. Cells then were centrifuged at 4500g for 15 min and cell pellets were stored at −80°C. Frozen Sf9 cell pellets (∼4 g) infected with NinaB baculovirus were resuspended in 10 mL of 20 mM Tricine (pH 7.5) sample buffer containing 200 mM NaCl, 1 mM dithiothreitol (DTT, Roche, Mannheim, Germany), one protease inhibitor cOmplete ULTRA Mini EDTA-free Tablet (Roche, Mannheim, Germany), 1 mM TCEP and decyl maltose neopentyl glycol (DMN). Cells were lysed in a glass homogenizer with 20 strokes. The lysate was centrifuged at 100,000 g for 1 h at 4°C (Beckman Coulter Optima L-90K Ultracentrifuge). The supernatant (10 mL) was collected and kept on ice until purification. Second, XL1-Blue E. coli cells were transformed with the expression vector for NinaB. Bacteria were grown at RT with constant shaking at 200 rpm until an OD 600 of 0.6 was achieved. Protein expression was induced with Larabinose at a final concentration of 0.02%. At the point of induction, FeSO 4 and ascorbic acid were added to a final concentration of 5 μM and 10 mM, respectively and the temperature was decreased to 25°C. Protein expression proceeded for 6 h. Then cells were collected by centrifugation at 4500 g for 20 min and cell pellets were stored at −80°C
. Cell pellets were thawed on ice and their net weight was determined. Lysing reagent was prepared by combining 50 mL of B-PER Bacterial Protein Extraction Reagent (Life Technologies, Grand Island, NY) with one protease inhibitor cOmplete ULTRA Mini EDTA-free Tablet (Roche, Mannheim, Germany), final concentration of 2 mM ascorbic acid solution (Sigma Life Science), 1 mM TCEP (Thermo Scientific, Rockford, IL), 20 U of recombinant, RNase-free DNase I. The manufacturer's recommendation of 4 mL of lysing reagent per 1 g of cell pellet was used to lyse and resuspend cells. Resuspended cell pellets were gently vortexed and allowed to incubate at RT for 10 min. The cell lysate was then cooled on ice and subjected to centrifugation at 100,000 g at 4°C for 30 min.
NinaB Purification. The supernatant containing NinaB, was loaded onto a 50 mL column containing 1.5 mL TALON Co 2+ -resin suspension (Clontech) pre-equilibrated with 5 column volumes of ice cold sample buffer. After flow-through collection, the TALON column was washed with 1 column volume of ice cold sample buffer and then with 1 column volume of sample buffer containing 1 mM imidazole. NinaB was eluted with cold sample buffer containing 50 mM imidazole (elution buffer). Aliquots of eluted NinaB fractions were collected for gel analysis. All eluted NinaB fractions were pooled and concentrated in a 30K Amicon Ultra Centrifugal Filter (Millipore) before being loaded onto a Superdex 200 10/300 GL size exclusion column (GE Healthcare Life Sciences). NinaB fractions were eluted from the column in 0.5 mL fractions at a flow rate of 0.4 mL/min with sample buffer. Aliquots of these fractions were also collected for gel analysis. Fractions containing purified enzyme were then pooled, concentrated within a 30K Amicon Ultra Centrifugal Filter. To determine the monomeric state of purified NinaB, a mix of proteins (Bio-Rad Gel filtration Standard) with known molecular weights were run simultaneously on the size exclusion column.
Three Dimensional Structural Modeling. Homology models of Galleria NinaB, based on the structure of RPE65 (PDB accession code 4F2Z) and apocarotenoid oxygenase (PDB accession code 2BIW) were generated using the Phyre2 Web server (The Phyre2 web portal for protein modeling, prediction and analysis. Active site residue locations were consistent between these models. The ACO-based model was used for analysis owing to its preserved dual access to the active site, which is present in the alkene-cleaving CCO structures described to date. The structural model was visualized using PyMOL (Schrodinger).
Enzymatic Assays. Enzymatic assays were carried out as previously described. 30, 44 DMN micelles loaded with substrate were prepared as follows: 33 μL 3% DMN detergent solution was mixed with 10 μM (final concentration) of substrate, dissolved in acetone, in a 2 mL Eppendorf tube. This mixture was then dried in a Speedvac (Eppendorf Vacufuge Plus). To substrate, 100 μL of cell lysate was added and vortexed vigorously for 20 s and then placed on an Eppendorf thermo-shaker set at 28°C for 8 min at 300 rpm. Control assays were performed with uninduced E. coli cell pellet lysates. Reactions were stopped by adding 100 μL of water and 400 μL of acetone. Lipids were extracted by adding 400 μL of diethyl ether and 100 μL petroleum ether, then vortexed for 3 × 10 s periods, centrifuged at 15,000g for 1 min and finally the resulting organic phase was collected. The extraction was performed twice and the collected organic phase was dried in a Speedvac. The dried supernatant then was redissolved in mobile phase, 70:30 hexane:ethyl acetate and subjected to either HPLC or LC-MS analysis.
Isotope Labeling Experiments. For labeling experiments with H 2 18 O, NinaB cell lysate was mixed with H 2 18 O in a 20:80 (v:v) ratio, respectively. Assays were carried out as described above. Labeling experiments with 18 O 2 were performed in 10 mL screw-capped glass vials with a gastight Teflon septum. All volumes in the preparation of substrate micelles were increased 5-fold and dried accordingly in the glass vial and kept on ice. NinaB cell lysate (500 μL) was added to the glass vial and the mixture was saturated with 18 O 2 by aerating the solution on ice for 1 min with a release syringe placed into the septum. Then, after removal of the release syringe, the solution was saturated with 18 O 2 once more for 2 min. The sample was vortexed and incubated at 28°C for 8 min while magnetically stirred. Reactions were stopped by adding 200 μL of water and 800 μL of acetone. This mixture was separated equally into two 2 mL Eppendorf tubes for lipid extraction. Lipids were extracted as described above with 400 μL of diethyl ether and 500 μL petroleum ether and subjected to LC-MS analyses.
HPLC and LC-MS Systems. HPLC analyses were carried out with an Agilent 1260 Infinity Quaternary HPLC system (Santa Clara, CA, USA) equipped with a pump (G1312C) with an integrated degasser (G1322A), a thermostated column compartment (G1316A), an autosampler (G1329B), a diode-array detector (G1315D), and online analysis software (Chemstation). Analyses were performed at 25°C using a normal-phase Zorbax Sil (5 μm, 4.6 × 150 mm) column (Agilent Technologies, Santa Clara, CA) protected with a guard column. Carotenoid and retinal separation was achieved using an isocratic composition of 70:30 (v:v) of hexane: ethyl acetate. The flow rate for all systems was 1.4 mL/min. Detection of carotenoids and apocarotenoids was performed at 420 nm wavelength. For LC-MS analyses, the eluate was directed into a LXQ linear ion trap mass spectrometer (Thermo Scientific) through atmospheric pressure chemical ionization (APCI) source working in the positive mode. To ensure optimal sensitivity, the instrument was tuned with Z as well as with retinal standards.
Site-directed Mutagenesis. Mutagenesis of NinaB was performed using the QuikChange XL site-directed mutagenesis kit (Agilent). Mutants were verified by sequence analysis of DNA maxipreps and validated plasmids purified by QIAquick purification kits (Qiagen). The primers used were F106L: 5′-GTTGTCACAGAG-TTAGGTACGCGGGCCGTG-3′ and 5′-CACGGCCCGCGT-ACCTAACTCTGTGACAAC-3′; T151S: 5′-GGAGATGAAATT-TATGCTTTCTCTGAAGGTCCTG-3′ and 5′-CAGGACCTTCAG-A G A A A G C A T A A A T T T C A T C T C C -3 ′ ; F 3 0 9 L : 5 ′ -CGGAGCCGCTCTTGTACTTGCACATC-3′ and 5′-GATGTG-CAAGTACAAGAGCGGCTCCG-3′; Y330L: 5′-GACCTC-TGCGCTTTAAAGGACGCCAAGGC-3′ and 5′-GCCTTG-GCGTCCTTTAAAGCGCAGAGGTC-3′. 
